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SUMMARY

A studyhasbeenmadeoftheheatingrequiremmtsforthecyclic
de-icingofhollowsteelpropellersfittedwithtwotypesof internal
electricheaters.Solutionstothetransient+eat-flowequations
depictingthecyclicde–icingofpropellerswereobtainedby useofan
electricalanalo~. Thestudyshowedtheimpracticabilityofusingan
internaltubularheaterandillustratedtheadvsmtagesofemployingan
internalshce-t~eheater,whichdistributestheheatmoreevenlyto
thebladesurface.Theimportanceofminimizingthethermalinertiaof
thesystemwasdemonstrated,andthemagnitudeofreductionsinthe
totalenergyrequirementmadepossiblethroughreductionsintheheating
periodwasindicated.

INTRODUCTION

Externalelectricalblade+eatingshoeshavebeen
forpropellericeprotection.Exposureoftheseshoes

usedefiensively
to theabrasive

actionofforei~~tter inthea-handtheirvulnerabilityto other
damagehascausedconsiderablemaintenancedifficulty..As a mans for
alleviat~themaintenanceproblem,electricheatersmountedwide
thepropX1l.erbladeshavebeenconsitired.Altho@ ~veraltypesof
internalheatershavebeenproposed,onlyone_@pehasbeenusedin
service.Up to thepresentt~, experimentaldatahavebeenobtained
foronlythisoneconfiguration,whichconsistsofa shoe-typeheater
installedh a hollowsteelbladewitha thinsheet+uetalouterskin.
Reference1 describesicing-tunneltestsofthisarrangement,while
reference2 presentsa continuationofthestudyby meansofan electri-
calanalogyforsimulationofth=hsatflow. Sticeonlyonearrangement
wasinvestigated,furthertestswererequiredtoprovidea coverageof
otherpossiblearrangementsof internalheaters.

Thisreportdealswithsimulatedcyclicde-icingofpropellers
fittedwithinternalelectricheaters,andconstitutesthesecondphase
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2 NACATN 3025

ofa generalinvestigationofpropellersprotectedagainsticingby
meansofheaterele=ntsinstalledon eithertheexternalorthe
internalsurfaceoftheblade.Theftistphasetreatedexternal
blade+eatingshoes(ref.3). In thepresentinvestigation,datawere
obtainedfortwotypesof internalheatersins@lledina hollowsteel
propeller.Masnmchas experiencehasshownthatintermittentheating
providesa moreeconomicalutilizationofpowerthancontluuousheating,
datawereobtahedonlyforthecaseof cyclicde-icing.

As tithetestsofreferences2 and3, anelectrical.analoguewas
usedto shilatethecyclicde-icingofa propellerblade.Datawere
obtainedwhichshowedtheeffectsofvariationsh cyclicratio(ratio
ofheatingperiodto total+ycletime)andheaterdesignontheheating
requirements.

DESCRIXTIOI?OFEQUIPMENT

“Theeqtipmentusedinthisimestigationwasthesameaswas
employedh thestudyreportedinreference3. Forthisreason,only
a briefdescriptionofapparatustillbe presented;moredetailed
informationmaybe obtainedfromreference3.

ElectricalAnalogue

Theelectricalanalogueusedto simuhtethetransientheatflows
is showninfigure1,andconsistsessentiallyofa networkofelectri-
calresistancesandcapacitancesconnectedin sucha manneras to
simulatea therm.1cticuit.Intheelectricalcircuit,electrical
resistanceandcapacitancerepresentthermalresistanceandcapacitance;
currentflowrepresentsheatflti andvoltagedifferencerepresents
temperaturedifference.

*cial Circuits

A nuuiberof s~cial.circuitswereemployedto simulatetheboundary
smdtiputfunctionsrepresentativeofa cyclicallyheatedpropellerin
icingconditions.A constant+urrentsourceconnectedtoa switching
systemprovidedtheelectricalerrangemm.trepresentativeofthecyclic
applicationofheat.Additionalconstant-currentcircuitswere
arrangedto sixmilatetheapplicationofheatatthebladesurface
resultingfromaerodynamicheatingendreleaseoftheheatoffusionof
thesupercooleddropsimpingingon thebladesurfaceastheysolidified
to ice. Relaycircuitswereusedwhichswitchedinresistorsand
condensersto typifythecontinuousgrowthof iceonthebladeafter .
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eachremovalprocess.Othercircuits,termed“heat+f-fusion”circuits,
wereprovidedto simulatethemeltingofthoseregionsoftheice
formationwhichreachedthemeltingpointbeforereleaseoftheice.
Thiswasaccomplishedby retatiingtheseregionsat a constantvoltage
representativeof 32°F untilsimulatedremovaloftheicewasattahed.

MeasuringEquipment

An oscillographwasusedtorecordvoltagechangesrepresentative
ofthetemperaturechangesoccurringduringcyclicheat~.

CONFIGURM!IONSOFPROI?EIZ3!RBIAD13S,
HEATERS,ANDICEFORMATION

PropellerBladesandHeaters

Thestudywaslimitedto the&inch radialstationofthe
propeller.Itwasbelievedthatthiswouldproviderepresentativedata
fortheenttiepropeller,sincetheheatingrequirementshavebeen
showntovaryonlyslightlywithradialstation(ref.3). Theblade
sectionsattheonestationanalyzedareshowninfigure2. Theblades
showninthisfigurearetypicalof oneformofbladeconstruction
currentlyinuse.

Twotypesof internalheaterswereinvestigated.Thesewerea
t~ular-typeheateranda shoe-typeheater,as illustratedinfigure2.
Thetubularheaterwaschosenforstudy,-such as ithasbeen ‘
consideredforuseby theU. S.AirForce.Theshoe-typeheaterwas
investigatedto showthseffectofa moreefficientheaterarrangement.
In thiscase,thepropellerbladewasassuredtobe identicalto that
containingthetubularheater,withtheexceptionthattheleading-edge
filletwaselhinated,andtheblade~tal thicknesswastakenasbeing
uniformthroughouttheentireblade.

IceFormation

Theshapeoftheiceformationconsideredintheinvestigationis
showninfigure2. Thechordwiseextentoftheformationwasbasedon
calculationsofthefarthestaftpointofwater-dropMpingemntby use
ofthedataofreference4,whiletheshapeoftheaccretionwasbased
onphotographsofactualiceformationsandonexperiencewiththe
accretionof iceonpropellerblades.

-.



4 NACATN3025

Physical PropertiesandDivisionofBlade,Heatersj
andIceI?ormationforAnalogueStudy

ThephysicalpropertiesadoptedforthebladenMial,heater
materials,andicelayerarepresentedintable1. h thestudyofthe
shoe-~ internalheater,thepropertiesoftheinsulatingmaterial
werevariedfromthevaluesshownintableI to determinetheeffectof
suchvariationsontheheatingrequirements.Theprogramoftbese
variationsispreseritedinthefollowlngtable.Inthistable,R andC
representthethemnal.resistance~a caficitanceoftheinsulation
material,andeachisassigneda valueofunityforthecaseofa
rubberinsulationlayer0.03inchthick.

Rimry insulation
!~;: (b:et::$fter Backing Effect

insulation studied

1
No primaryorbacking

none (R-m ) tisulation

2 0.03ti.r~ber
(Rxl, CX1) (;-. )

Variationsin

3 Rxl, CX 1/2 (:-. )
propertiesof
primary~-
tion

4 Rx1/2, CXl (R. )

5
3
0.03in.nibber 0.03ti.rubber

(Rxl, CX1) Variaticmsin

6 0.03h. rubber Rxl, Cx l/2
propertiesof
backingtisula-

7 0.03in.rubber
tion

Rx2, CX1

0.006in.. gh3S 0.006in. @-fMiS
Proposedconfigu-

8 clothwith
rationwithclothwith

binder binder improvedthermal
characteristics

In theanalogusstudy,theblade,heaters,andiceformationwere
dividedintoregions,tbroughotiwhichconditionswereassumeduniform.
Theseditisiom-arefrustratedinfigure2. As intheinvestigationof
reference3,theicewasdividedintothreelqers,eachofwhichwas .
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switchedintothecticuitin sequencetorepresentthecontinuousgrowth
oftheicea

OIZWTINGANDMETEQROI.OGICALCONDITIONS
SKIXTEDFORAEKLOGUECAUXMTIONS

AirplaneOperatingConditions

Theairplaneo~ratingconditionsselectedforallthecalculations
werechosenasbeingtypical.ofthosefortransportairplanescurrently
ino~ratia, andwereas follows:

Forwardtrueairspeed 300wh
Propellerrotationalspeed 1100rpm
Pressurealtitude 20,000ft

Blade-eaterOperathgConditions

A total+q-cle-t~durationof80 secondswasnintainedforall
testsof cyclicheating.Fourratiosofdurationofheatingperiodto
total-cycletimeweretivestigated,asfollows:

Cycle T- Oil,Tim off,
ratio sec SW

ltok 20
lto8 10 :

1 to Uok 73
1 to16 ; 75

the
the

fourratioswereusedintheanalysisofthesha+qpe heater.In
studyofthetubularheater,datawereobtainedat allratioswith
exceptionoftbsl-tcAl.4 ratio.

h theinvestigationofthebladewiththeshoe+pe heater,the
distributionofheatingintensitywasadjustedtoprovideessentially
uniformheatingatthebladeoutersurface.To accomplishthis,the
analoguevalueswereregulatedsothattheinner-surfaceheatinginten-
sityforeachsegmntwasproportionaltotheratioofouter—mmface
areato inner-surfacearea.

..—— ——— .—
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MeteorologicalConditions

Thebasicmeteorologicalconditionsselectedwere:

Liqui&mtercontent 0.1gm/ms
Water+ropdiameter 15microns
Free-airtemperature –~” F

Theliquid+tercontentof0.1gramperctiicmeterwasselectedasa
reasonablelowvaluesincelowvaluesofwatercontent,conibinedwith
lowairtemperature,representthemostsevereconditionsfora pro-
pellercyclicde-icingsystem(ref.3). Theairtemperatureof-L2°F
wascomputedfromthedataofreference5 andwasbasedontheproba-
bilityofencounteringa lowervalueofairtemperatureonceh 1000
icingencountersfortheconditionsof0.1grampercubicmeterand
l~crons diameter.Dataalsowereobtainedat airtemperaturesof0°
and+20°F forconfiguration8 only.No studiesoftheeffectofa
variationinliquid+atercontentweremade,inasmuchasthiseffect
wascoveredintheinvestigationofreference3.

‘msTPROCEDURE

ArrangementofAnalogueCircuitsto Simulate
CyclicDe-Icingofa Propeller

Appropriatevaluesofelectricalresistanceandcapacitancewere
placedontheanalogueto simulatethethermalcticuitofthepropeller
blade.Theheat-transferequationusedintheevduatio~oftheeffec-
tivethermal.resistancefromtheicesurfacetotk surroundingairand
theequilibriumtemperatureoftheicesurfaceisgiveninreference3.
Inthecomputationofelectrical.values,a ratioofanaloguetimeto
actualtineof1 to50wasused.Thus,a l-secondincrementofthe on
theanal.oguerepresenteda 50-secondintervaloftim onthepropeller
blade.

Priortogatheringthetransient-temperaturedata,thevaluesof
equilibriumsurfacetemperaturewereadjustedforeachoftheblade
segments.Intheregionoftheicecap,theheatif-fusioncircuits
weresetforallsegmentsbuttheoneexhibitingthesmallesttempera-
turerise.Withthebladeheateroperatingcyclically,theheater
inputtitensitywasadjustedsothatthesurfacetemperatureofthis
segmntjustreached35°F attheinstantofterminationoftheheating
cycle.Itwasassumedthatthiswouldassurea completereleaseofaKl
portionsoftheiceformation.
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RecordingofData

Separaterecordsweretakenofthetemperaturevariationsofthe
bladesurfaceandtheheaterelementduringshulatedcyclicde-icing.
Inmanyinstances,heater-temperaturedatawereobtatiedonlyforthe
segmntwhichexperiencehadshowndisplayedthehighesttemperature
rise,inasnuchas onlythemaximumheatertemperaturewasofprimary
concern.

Blade

RESUIZ’SANDDISCUSSION

WithInternalTubularHeater

Surfacetemperaturesandrequiredheatingintensities.–Typical
curvesofthecyclictemperaturevariationofthebladesurfaceand
theheaterelementforthebladewithan internaltubularhater are
shownforonebladesegmentinfigure3. Figure4 presentstypical
curvesofthesurface-te~raturevariationfortheentireblade
section.Inthesefigures,itwillbe notedthatthetemperatureof
thesurfacecontinuestorisewellaftertheheatinghasbeenterminated.
Thepersistenceintemperatureriseafterconclusionofheatingis
causedbyreleaseoftheheatstoredh thebladeduringtheheating
period,andindicatesa largedegreeofthermallag. Thisthermal
inertia,whichiscreatedprimarilybythelargemassofmetal
s~roundingtheheatertube,isdetrimentalina cyclicmyheated
system,hasmuchashighheatingintensitiesarerequiredtoenablethe
desiredblade-surfacetemperaturetobe reachedinthespecifiedtti
interval.Theheatingintensitiesrequiredforde-icingareshownasa
functionofheatingperiodh figwe 5,whichalsopresentsforconrpari-
sona curveforthecaseinwhichtheheatingisappliedunifornilyto
thebladeoutersurface.Thesedatashowtheheatrequiremmtsforthe
internaltnibularheatertobe muchgreaterth foruniformouter–
surfaceheating.I?romthiscomparison,itmaybereasonedthatthehigh
heat~ intensitiesforthetubularheaterarerequiredfortwo
reasons:(1)thelargethermalinertia,asmntioned,and(2)the
unevendistributionofheatat thebladesurface.Regardingtheheat
distribution,an inspectionoffigure4 revealsthatthesurface-
temperatureriseisnotuniform,and,as a result,a mibstantialamount
ofheatiswastedinthe~ltingof icepriorto itsremoval.The
unevenheatdislzributionisa consequenceoftherelativelylarge
distancefromtheheatertothebladeleadingedge,whichcausesthe
temperatureatthispointtolagbelowthatofregionsclosertothe
heater.

Theseresultsleadtotheconclusiontht thetubularheater
consideredhereinisan inefficientheaterarrangement.Furthermore,

— ———.—..—
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itisbelievedthatthisconclusionwouldapplygenerallyto all
tubular-typeheaters.Itappeersthatconsid.er*leenergymaybe
savedinan internal.+eaterconfigurationby a reductioninthemass
ofmtal inthevicinityoftheheater,andby a moreuniformapplica-
tionofheat.

Heate=lemmt temperatures.-Becauseofthelargethermalinertia
oftheblade,thehighthermalresistanceoftheinsulationsurrounding
theheaterelement,andtheunevensurfacedistributionofheat,very
highheatertemperaturesarerequiredtoraisetbstemperatureofthe
mostcriticalbladesegmentto theic~ltiqg point.An illustration
ofthehighvaluesofheatertemperatureisgiveninfigure3,in
whichthetemperature3s showntoreach590°F. Themaximumheater
tenpraturesrangedfrom650°F fora 20-secondheatingperiodto
950°F fora %econd heatingperiod.Thesetemperaturesappear
excessivelyhighfroma safetystandpoint.

Modified BladeWftb~ternal
Shoe+pe Heater

Inviewofthelowefficiencyofthetfiuhr+ypeheater,no
furthertestswereconductedforthisconfiguration;instead,con-
siderationwasgivento a moreefficientinternal+eaterarrangement.
Thisarrangementisthesho+typeheatershowninfigure2(b).

Surface-temperature@ta.-Typicalcurvesofthecyclictempera-
turevariationofthebladesurfaceandheaterelemmtfortheblade
withan tnternalshoe=~e heateraregivenforonebladesegnentin
figure6. Figure7 presentstypicalcurvesofthesurface-temperature
variationforthefivebladesegmntsundertheiceaccretion.These
figuresshowthatthesurfacetemperaturerisesandfailsquiterapidly
uponapplicationandremovalofheat,indicatinga relativelysmall
amountofthermalinertiain comparisonwiththatforthebladewith
thetubularheater.Thedataoffigure7 showthatallbladesegments
tendtoreach32°F simultaneously;thus,thequantityofheatwasted
in overlmatingparticularareasismtaimized.It appears,then,that
theoptimumheatingdistribtiionis oneappr~titinga uniformsupply
ofheatatthebladeoutersurface.It isofinteresttonotethat
thisagreeswitha s~dar conclusionreachedh reference6 concerning
theoptimumdistributionofheatforexternalbhde shoes.

Heater+temperaturedata.-Maxhumvaluesofheatertemperature
reachdduringsimulatedcyclicde-icj.ngofthesh~type heaterare
summarizedintableIIfortheeightconfigurationsstudied.These
datawereobtainedfromcurvesofheatehtemperaturevariationsimilar
tothatpresentedinfigure6. It isevidentfromthedataoftablelZ
thatthemaximumheatertemperaturesareconsiderablylessthanthose
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obtainedforthetubularheater,andfromthetemperaturestandpoint,
useoftheshoe-typeheaterismmh morefeasiblethanuseofthetubu–
lartype. However,evenforsomeconfigurationsoftheshoe=bype
heater,astherequiredheatingintensityis increasedwithdecreased
heatingperiod,themaximmheatertemperatureincreasesto thepoint
wheremanyinsulationmaterials,suchas rubber,wouldfail.The
possibilityofcontrollingthemsximnmheatertemperaturethrough
appropriatedeai~willbe consideredina latersection.

Effectofvariationsinpropertiesofinsulationmaterialonheat-
ingrequirements.–‘l%e configurationswhichwereusedto investigatethe
efYectonheatingrequirementsofvariationsinthepropertiesofthe
primaryinsulationarethoselistedpreviouslyas configurations2 to 4.
b thesecases,therewasnobackinginsulation,anditwasassumed
thatnoheatwastransferredintothestagnantairofthepropeller
catity;thatis,thethermalresistanceinwardwastakenas infinite.
Resultsoftestsofthereayiredheatingintensityforde-ictigasa
fhnctionofthedurationofheatingperiodfortheseconfigurationsare
presentedin figure8. Alsogivenforcomparisonarecurvesforthe
caseofno primaryorbackinginsulation(configuration1),andforthe
caseofan externalheaterwithno outeri~lation audperfectinsul..a–
tionbetweentheheaterandblade.Configuration1 representsthe
extremeconditionofmbimnmthermalresistanceandcapacitance,which
isapproachedasthethictie~sofprimaryinsulationisreduced,and
indicatesapprazimatelytheminimmheatingrequirementsforthisblade
withan internalheater.Thecurvefortheexternalheaterwastaken
fromfigure12ofreference3,andshowstheheatingintensityreqpired
to raisethetemperatureoftheundersurfaceoftheiceaccretionalone
to 32°F and,hence,representstheminimumheatingnecessaryforice
removalundertheseconditions.Thus,a comparisonofthecurvesfor
configuration1 andtheextezmalheaterillustratestheeffectofthe
blademetalontheheatingrequirements.Thevaluesofheatinginten-
sitypresentedinthisfigurearethosereqyiredatthebladeouter
surface,assuminga uniformdistributionofheatatthesurfaceinthe
regionoftheiceformation.

Thedata of figure 8 showthattheuseofa O.03-inch-thicklayer
ofrubberasprimaryinsulationcanincreasetheheatreqtirementcon–
siderablyoverthatforno insulationattheshortheatingperiods,but
thatithasa smallereffectat thelongerheatingtimes.Figure8
alsoindicatesthatproportionaldecreasesinthermalcapacitanceand
resistancehaveaboute&al effeet,andthatsubstantialsavingsin
powercanbe obtainedattheshorterheatingtimesby reasonablechanges
inthethermalpropertiesoftheprimaryinsulationmaterial.The
presenceoftheO.08-tich+hickblademetalmorethandoubledthe
heatingintensityrequiredfortheicealoneata 5-secondhea~ time,
buthadverylittleinfluenceat a heatingperiodof 20 seconds.

..— — ———— -—-——. .. .. . -—— —
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Theeffectonheatingrequirementsofvariationsintheproperties
ofthebacking~ation, witha 0.03-inc&thicklayerofrubberfor
Pr_ insuMtion,is showninfigure9,whichpresentsdatafor
configurations5 to 7. Thecurveforconfiguration2 isalsoshownfm
a basiccomparison,sincethisrepresentstheminimumrequiredheathg
valueswhichareapproachedas thethicknessofthebackinginsulation
isreduced.It isapprentfromtheseresultsthattheexistenceofa
backinglayerconsistingof0.03-inchrribberhasa largeinfluenceon
theheatingrequirwmntat shortheatingtimes,andthatlargechanges
inthethernal~opertiesarerequiredto obtainsubstantialreductiorm
inthenecessarypower.However,at heatingpriodsofabout20-seconds
duration,thepresenceofthebackinginsulationdoesnothaveas great
an effectontheheatingrequirement.Thedataoffigure9 showthat
reducingthethermalcapacitanceofthe0.03-inchrubberbackinglayer
by a factorof2 hasaboutthesameeffectas increas~ itsthermal
resistanceby thesamefactor.

Inviewofthefactthatthedataforrtiber@mary andbacking
insulationlayersshowedthatmibstantialgabs inheateconorqywere
tobe obtainedthroughappropriatechangesin thethermlcharacteris-
ticsoftheselayers,especiallyat theshorterheatingtimes,further
studiesweremadeto determinetheheatingrequiremmtsfora shoe-~
heaterwithimproTedthermal.characteristics.ThisKmfigurationis
listedasnuuber8 h thetablepresentedpreviously,andconsisted
of0.00&inc&thickglas~lothlayersimpregnatedwitha binderfor
boththeipr~~~andbackinginsulationmaterial.AlthoWhit-s
shownthatthelowestheathgrequirementswereobtainedwithnobacktig
insulationpresent,somebackinginsulationprobablywouldberequtied
forstrength;hence,sucha layerwasconsideredinthecaseofconfigu-
ration8. Resultsshowingtherequiredheat- intensityasa function
ofduratio~f+eatingperiodforthisarrangementaregiveninfi&
ure10,whichalsopresentsforcomparisonthedataforconfiguration1.
Thiscomparisonshowsheaterconfiguration8 to approachveryclosely
theultimateinheaterdesignforthisparticularpropellerblade,
indicathgthatthesmallamountof glass-clothinsulationhasvery
littledetrimentaleffectontheheatingefficiency.

It shouldbepointedoutthatthemagnitudeofthese&ainsin
heatingefficiencyresulthgfromimprovementsh heaterdesigncanbe
consideredapplic&bleonlytotheparticularbladeforminvestigated.
If theblade+netalthicknessweredecreased,thegdns wouldbe more
pronounced.Ontheotherhand,ifthemetalthicknesswereincreased,
theadverseeffectsoftheheaterinsulationmaterial.wouldbe msked
to a greaterextentby theincreasedthermalinertiaoftheblade,and
gainsinheat~ efficiencywouldbe lessapparent.

Effectofreductioninheatingperiodonenergyrequirement.-
Theinvestigationsofreferences2, 3,and7 haveshownthatreduc–
tionsinthetotal.ener~reqtie~t arepossibleby decreasingthe
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duration+f+eatingperiod.K orderto determinetheeffectof
decreasingtheduratio~f-heatingtimeontheener~ requirementfor
theconfigurationsofthisinvestigation,curvesdepictingthisrela-
tionshipwereconstructed,as showninfigureH.. Alsoincludedisa
curveforthecaseofan idealefiernalheater.Thesedatashowthe
ener~requirementsto decreasewithdecreash.gheat+ntimethroughout
theentirerangeofheatingperiodinvestigated,forall configurations
exceptthosewitha largeamountofbackinginsulation(configura-
tions5, 6, and7). Forthesearrangements,theenergyrequire~t
decreasedslightlywithdecreasingheatingtime,reachingminimum
valuesatabout10 seconds.Belowabout10 seconds,theenera require-
mentsincreasedfortheseconfigurateions.

Withtheexceptionoftheiceformationalone,thegreatest
decreasesinenergyrequirenmrtwereobtainedforconfigurations1
and8. Forthesecases,over@percent reductioninenergycouldbe
obtainedby decreasingtheheatingperiodfrom20 to5 seconds.From
a comparisonofthecurvesforconfiguration1 (blademetalonly)and
forthecaseof iceonly,itisapparentthatan increasedreduction
intheener&yrequirementcouldbe achievedthroughtheuseofthinner
blademetals.ThedataoffigureI.1indicatea relationshipbetween
thethermalhertiaofa bladeandheatercofiinationandthepossible
reductioninenergyrequirementsresuitingfromdecreasingtheheating
period– thesmallerthethermalinertia,thegreaterthepossible
reductionh energyrequirement.Thus,thedesirabilityofdecreasing
thethermaltirtiaofthesystemisfurtheremphasized.

Effectofvariationsinairtemperatureonheat5ngrequirementfor
configuration8.–Theeffectofair-temperaturevariationsonthe
heatingrequirementforconfiguration8 is illustratedinfigure12,
whichshowstherequiredheatingintensitiesasa functionofheating
periodforfree-airtemperatwesof0°,-12°,and+0° F. Fromthese
curves,airtemperatureis showntohavea substantialeffectonthe
heatingrequiremmts.As wouldbe expected,theheatrequirementsare
increasedwithdecreasingah temperature.A similarrelationshipof
heatrequirementwithairtemperaturewasnotedinreference3, in
whichairtemperaturewasdemonstratedtohavea domimantinfluenceon
thede-icihgpmformanceofexternalbladeshoes.

Heater-temperaturedataforconfiguration8.-Valuesofmaximum
heatertemperaturereachedduringcyclicde-icingofthepropeller
bladewithheaterconfiguration8 aregivenintableIIIforfree-air
temperaturesof0°,–12°,and+20°F. AlsopresentedintableIIIare
,thetemperaturestheheaterwouldreachwitha continuousapplication
ofheatofthesameintensityasrequiredfortheconditionsof cyclic
de-icing.Thisprovidesan indicationofthede~ee ofhazardwhich
mightresultfroma cycling-systemfailurewhereinthepowertothe
bladeheaterwouldbe suppliedforan indefinitepried.

.—
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ThedataoftableIIIshowthatsafeoperatingtemperatureswere
notexceededforconfiguration8 underanyoftheconditionsofthe
tests.Thus,itappearsthatthemaximumheatertemperaturereached
durhg normaloperation,orevenuponfailureofthepower-cyclimg
system,canbe matitainedwithinsafelimitsformosttisulation
materialsthroughpro~r heaterdesign.

RemarksConcerningtheFeasibilityofUtilizhgInternal.
ElectricHeatersforPropellerDe-Icimg

ThedatapresentedheretiwUJ.be examinedfromthethermalstan&
petitasto thefeasibilityofutilizinginternalelectricheatersfor
thecyclicde-ic~ ofpropellers.Sincethetnibukr-typeheaterhas
beendemonstratedtobe impracticalfromconsiderationsofefficiency
andsafety,theseremarkswill.be conf%mdto theinternalshoe-me
heater.

Thepracticabilityofutil.iz~an internalbladeheaterdepmds
on severalfactors.Amongthesearetheheatingrequimmen.tsandthe
maximumheatertemperatures.An hilicationofthefeasibilityof
employingem internalheaterflromtheheating-requirementstandpotit. canbe obtainedfroma comparisonof therequirementsforan efficient
designof internalheaterwiththoseforan externalbladeshoeof
currentdesi~ Sucha comparisonismadetifigure13,tiichpresents
curvesofheatingrequirementas a functionofheatingperiodfor
titernalheaterconfiguration8 andan externalbladeshoecomposedof
rubberouterandinnerinsulationlayers,respectively,0.015andO.O@
inchthick. Thedatafortheexternalbladeshoeweretakenfrom
figure13 ofreference3. Theinternalheateris shownto compare
favorablywiththeexternalbladeshoe,particularlyduringthelonger
heatingperiods,whentheheatingrequirementsarelessfortheinternal
heater.It shouldbenotedthatthedataforthetwoheaterconfigura-
tionsarenotstrictlycomparable,duetothefactthatthebladeforms
werenotidentical.b thecaseof theexternal.+lade-shmstudy,the
blademetalintheI.eading+dgeregionwassubstantiallythickerthan
thatfortheinternal+eaterinvestigatia,whichwouldcausethe
heatingreqtiementstobe somewhathigherfortheexternalshoethan
ifthethimnerbm metalmd beenc~i~red. ~e~rtheless,th &&
presentedinfigure13aresufficientlyindicativeoftherelatim
heathgvaluesto concludethatforan efficientdesignof internal
heaterandbladeconibinationtheheatingrequirementsareapproximately
thesameasforcurrentlyemployedexternalbladeshoes.

Thevalues ofmaximmheatertemperaturehavebeenshowntobe
wellwithinsafeo~ratinglimitsformostinsulationmaterialsforthe
caseofan efficienttiternal+eaterdesign Thus,”fromtheheater-
temperaturestandpoint,internalbladeheatingisquitefeasible.
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An advantageoftheinternalheaterovertheexternalshoeisthat
theinsulaticmmterialscanbe selectedprimarilyfromthdlcthermal
properties,ratherthanfromtheirabrasion+esistance‘characteristics,
thusenablingmoreeffectivedesigns.Thepr- disadvantageofan”
internalheateristhecomplicationandexpenseiuvolvedh theevent
thatrepairstotheheaterbecomenecessary.

CONCLUSIONS

Basedonananalyticalstudyoftwotypesof internal+ater
arrangementsforcyclicde-it@ ofhollowsteelpropellers,thefollow-
ingconclusionsweredrawn:

1. Theinternaltti@arheaterofthetypetestedisan inefficient
andimpractical.configuration‘forcyclicde-icingapplicatims.

2. Theinternalshoe-typheaterappearstobe themostefficient
arrangement,andforthis_&peheater,considerablesa~ ofener~
capbe obtainedby minimizingtheamountofelectricalinsulation
materialsurroundingtheheaterelement.

3. Themostefficientapplicationofheatappearstobe one
approximatinga uniformdistributionattheoutersurfaceoftheblade.

4. Heatingrequirementsforan efficientdesignof internalshe-
typeheaterareapproximatelythesameas thoseforcurr-entlyemployed
externalbladeshoes.

5. In general,a reductionh thetotalenergyrequireuntscan
be effectedby applyimghigherheatingintensitiesforshorterdura–
tionsoftime.loran efficientdesignof internalshoe-typeheater,
sadfora total-cycletimeof 80 seconds,by operatinga 5-second
durationofheatingtimethetotalenergycanbe decreasedto lessthan
60psrcentofthatrequtiedforoperationata 20-secondheatingperiod.

6. Themaximumheatertemperaturesreachedunderconditionsof
cyclicde-icingsredependentontheheatingintensity,andareexce~
sivel.yhighforthettiulm-typeheater.Foran efficientdesignof
internalshoe-~ heater,however,themaximumheatertemperaturesare
withinsafelimitsof operationforexistinginsulationmaterials.

AmesAeronauticalLaboratory
NationalAdvisoryCommittee

Moffettl?ield,Calif.,
forAeronautics
Aug.20,1953
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TKBIXI.–VALUESOFPHYSICALPROPERTIESSELECTEDFOR
BIADEMETALjICEACCKETION,AIIDHEATERMMZRMLS

Den- Specific Thermal

component Material heat, Conductivity,

1:?$ Btu/lb, Btu/hr,ft2,
% %/in.

Blademetal Steel 490 I 0.107 300

Iceaccretion Ice !50 o.&7 14

Ttie Stainless494 0.117 139
steel

Tubular-
121s* Magnesium

heater lation 181 0.209 8.75
oxide

Heater Nickel–
chromium 525 0.104 Not

wire steel
considered

Rtiber 82 0.31 1.42
Shoe-typ-
heater
insulation ~ybca 82 0.15 0.86

-.—— –---———- .— .———
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‘lKKm11.—MAxIMuMlmmmTEMPERATURESREACHEDDURINGCYCHC
DE-ICINGOFBLADEWITHAIVIKTERWLSHOE- HEATER

Heating Duration -Maximum
Configlkintensity,1 ofheat- heater
ration watts/ill.2on8:y’ temyera–

ture,%

7.25 20 36
1 10.0 10 36

16.6 5 37

8.45 20 165
2 13.2 10 240

25.9 5 420

7.9 20 155
3 11.6 10 210

20.8 5 350

7=9 20 llo
4 =.6 10 140

21.3 5 230

10.4 20 205
5 19.1 10 315

42.7 5 515

9.2 20 190
6 16.8 10 290

39.1 5 530

10.1 20 205
7 17.6 10 295

38.4 5 490

7*35 20 84
8 10.1 10 100

17.0 5 145

●

‘Heatingtitensitiespresentedareminimum
valuesrequiredforde-icingateach
condition.

T
IKXl!E: Liquid-watercontent,O.1gm/ms;free-air
te~rature,-12°F; totalcycletires,80 sec–
ends;forwardtrueairspeed,300mph;propeller
speed,1100rpm;pressurealtitude,20,000ft. .
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TABLEIII.-MAXIMUMHEKTERTEMPERATURESREACKEDDURING
CYCIJCDE-ICINGANDCONTINUOUSBIMTUTGFORCONFIGk
R&l?IOI?8 OF INTERNUSHOE+C’YE!EHEATER

Heater
~ee+ir Heating Duration ~t? tempera–
tempera- inten- ofheat- turewith
ture, Sity,1 ontime, tempera- continuous

% Wa*ts/in.z sec ture,
OF

heating,
‘F

J
5.0 20

0 6.7 10 z $
SL.o 5 105 130

7.35 20 84 88
-12 10.1 10 100 XL8

17.0 5 145 190

9.2 20 95 104
-20 12.7 10 117 140

21.65 5 170 240

‘Heatingtitensitiespresented=e minimumvalues
requiredforde-icingat eachcondition.

T
IwlZE: Liquid+atercontent,0.1gm/ms;totalcycletime,

80 seconds;forwardtrueairspeed,300mph;propeller
speed,1100rpm;pressurealtitude,20,000ft.

. . — —— —.. .— — —. ..— .
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d:“

Figurel.-Electricalanalogueusedintheimwestigationofpropeller
cyclicde-icing.
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~T”b”’O’’e”’er

TN3025

Bla

/ce

(a)Blade with tubular heater.

Chordwiseextent of heater3&T \
/

D
Primary insulation
Backing insulation
Heafer element.

Lmation~
/ 7B’”desegme”s

Divisions for analogffe;fudy

&l-Segment designation

M

~0.08”-Uniform for enfire blade

(b)Modifiedblade withinternalshoe-typeheoter.

Figure2.- Cross-sectioncontours of propeller blade at stotion48
showingdetailsof ice formutionond the iwo heoterconfigurations
investigated.
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Heoton7 ~Heai off & ice formationremoved

21

.

80- / \

n A n

40 D \ D \ p \ 11 \
f f

o
(a) BIode surface.

800

400

0 40 80 f20 /60 200 240 280 320
Seconds v

(b) Heater element. “

Figure 3.- Typical data obtainedwithelectricalonologuefor one
segmentduringsimulatedcyclicde-icingof o propellerblade
wit. an internultubularheater,
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w?7f~poroff

m I I I I I IIIII I I I I I
o

SegmenfA &gmentlocotims@enh ffgh)

40

20
0

SegmentB

80

40
0

SegmenfG

80

40
0

SegmentD

m \ \ \ \
r r’ f-

0
SegmentE (Underim aocretion)

40

20

0
SegmentF @derh acoreMn)

40

20

0 40 80 eol~d~a?o 240 a?o.x32

SegmentG &hdwh otx@IM

80

40
0

SegmentI (Underb occretlon)

80

40
0

SegmentJ

80

40
0

S@gmenfK

S&gmentL

FI@Im4.- Vp”mlbi’ade-sutiace-Amp6mW6dofoobtifhedwiti dectrimlom@e tiring shdo?l?d
qIc#cde-j~jjgof u prqodlerbladewifi an hI%w/ IVtii’arhti~.
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200

/00

20

0

n

–Blade withinternaltubularheoter

‘Exfernal heoteron outersurfaceof blade
(Total chordwiseWent of heater, 2$”)

4 6 8 10 /2 /4 16 18 20

Durotionof heat-ontime, seconds

Figure5.- Heatingintensityrequiredfor de-icing us u function
of cyclicheutingtime on for infernaltubulor heofer and for
case withheat opp/ied uniform~ of o~er surfuce of ~lo~e,

.
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40

20

0

80

40

0

(u)6’ludesudacee

(3)Heohr ekmen’.

figure6.- 7jjpica/doto obtuhed with electrical undogue for
one bladesegmentduringsimulatedcyclic de-icing of 0
propeller Mode witi an infemd shoe-typehmfer.
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.

‘5

40

20

0
SegmentE (Segmentlocationsgivenin fig.Z(b))

40

20

0
SegmentF

40

20

0
SegmentG

40

20

0
SegmentH

40

20

0 0

Seconds
SegmentI

Z- Typical blade-surfacefempemturesunderice ffccreiion
obtainedwithelectricalandogueduringsimulatedcyclicde-icing
ofa propellerbladewithaninternalshoe-fypeh8ateK
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=&HGonditionsl
Liquid-wfer content,0.igm/m3
Free-air temperalWe,–12OF
Tofoi cycletime, 80 sec

gockingiwlofion:
tine (Heat transfer intostagnant
air of propeiiercavity assumedto
be zero; Le.,Ra0)

I I I 1
Primary insulation=

Q
Rx O, CxO (ConfigurationI
RX 1, CX i (Gonf@urof~on
Rx i, Cx~ (Configuration
Rx~, Cxf @w5iguratlon

/

\

~

!--Ideai extemaiheater (reL3)
I I I +

4 6 8 10 12 14 16 18 20

Durationof heut-on time,seconds

Figure8.- Effect of vuriafions in propertiesof primary insulation/oyer
on the heotingintensityrequiredfor cyclic de-icing. Values of
thermol resistance,R, ond thermalcapacity,G,basedono rubber
insulationlayer 0.03 inch thick.
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44

40

36

32

28

24

20

16

12

8

4

0

Conditions:
Liquid-wotercontent,Q19m/m3
Free-air temperature–12°F
Tofa/ cycle time, 86 sec.

Backing insulation:
Rx@, CXO(ConfigurationZ+
RX 1, CXI (Conf@Watit7n5)

r
RX1, CX$ (Comlgurahbn6)

~Rx 2, CXI (Configuration7) 1

Primary insulationI
Rubber, Q03 Inch thick

4 6 8 /0 /2 14 16 /8 20

Duration of heat-on time, seconds

Figure9.- Effect of variationsin propertiesof backinginsulation@ver
on the heatingintensityrequired for cyclic de-icing. Valuesof
thermul resistance,R, uno’thermal cupaci~,C, basedon a rubber. .
imulationIoyer O.& inchthick.

9
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20 Condit!onsz
Liquid-watercontent,O.I ‘m/m3
Free-air temperofure,-L?°F

16 Total cycle h-me,80 sec.

/2

8

4

“4 6 8 10 12 14 /6 18 20
Duration of heat-on time, seconds

Figure IO.- Heahngintensityrequiredfor de-icingas a functionof cyclic heafing time on
for an internalshoe-~pe heater havingdesirablethermal chorac}eritiics@nt7gumtion
8), as comparedwdhthe minimm requiredheatinginfensi~ (danfigurotionl).
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/4?0 1

Gonfiguratimno. I

80

60

40

20

~ldeol externalheater(ref3)
I I I 1 -=5=o ‘1

4 6 8 10 /2 /4 /6 “ 18 ;0
Durationof hoot-on f/me, seconds

figure/l.- Effect of varyingthe heaf-ontime on the energyrequired to
cyc/ico/@de-ice the prop8#8r bladeusing m 80-s8cond cycle.
internol shoe-typeh80t8r.

.-

.
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NACATN 3025

\

Totalcycle time,80 sec

\

Free-oirtemperofure-200F

\

-i
\ h

N

4 6 8 10 12 14 16 18 20

Durationof heot-on time, seconds

Figure12.-Heatingintensifyrequiredfor de-icingasa functionof
cyclicheatingtimeon forvariousfree-airtemperatures.
Configuration8 of internalshoe-typeheater.
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h ~Erternal blade shoe
lIRzMLbn above heoter, 0.015+ch robber
bwltibn below heote~ O.06Aiwh rubber

Internal shoe-type heqter
IWmory and bocklng insdotfon
O.@B-l& gloss c&+h witi binder
[@@urm%n 8)

i%nditions:
L@ti-mter content, 0./‘/#
Pee-w? temratatw -U V
Total qvcle time, 8dseo.

10 12 M f686 /8 204

Durotkm of heot-on time, seoonds

Figure 13.- Conpmkvn of” heofihg r6qwirements for tw et7icient design
of internol heofer witi those for an externol blade shoe of cwmwf
&sign. (External b.bo’e-ske &to tiken fzom fig. 13, ref3.)
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